Introduction
============

Slips and fall-related incidents in the workplace occur frequently and present a serious safety problem \[[@B1]-[@B3]\]. Occupational Health and Safety evaluation conducted in Korea showed that slips, trips and falls represented over 18% of occupational incidents in Korea \[[@B4]\]. Most of these incidents occurred when floor surfaces were contaminated with water, heavy oil, ice, or dust \[[@B1],[@B2],[@B4],[@B5]\]. These contaminated conditions created insufficient friction between shoe heels/soles and floor interfaces.

In general, it is known that slip phenomena are related to various disciplines, involving biomechanics, tribology, neurophysiology, human cognition, and etc. Slip incidents are thus too complex to be understood through a single field \[[@B2]\].

To address the problem of slipperiness, various friction measurement devices have been developed to assess the level of slip hazard. These devices measure traction, torque, loss of energy, or the angle of inclination. Based on how they use these approaches, test devices may be categorized into drag-sled, pendulum, articulated strut, braked-wheel type testers, etc. \[[@B6]\].

Although many different types of friction measurement devices have been developed, there is no universally accepted test device or measuring method. Studies have shown wide disagreement about the results of these devices, even using the same floor conditions and contaminants \[[@B3],[@B6]-[@B10]\]. These disparities may originate from the dynamic and kinematic characteristics of measuring devices, the physical properties of slider materials or the testing conditions (temperature, humidity). Other studies have shown strong correlation among tested devices, but different absolute values of friction coefficients \[[@B6],[@B11]\]. An adequate reason for this has not yet been found.

It is known that the friction characteristics of elastomer relate to a number of factors, including normal load, tangential load, and the cone apex angle of asperity as well as the elasticity, viscoelasticity, and strength and hardness of the elastomer. The friction coefficient theoretically increases with a decrease in normal load and sliding velocity \[[@B12]\]. In addition, the surface roughness of slider rubber can abruptly change with wear, which will affect the friction coefficient \[[@B13],[@B14]\].

Measuring devices may have different normal force, sliding velocity, slider rubber wear rate and slider conditioning procedures, and so may be expected to show different results. Normal force and sliding velocity are not at present able to be controlled. Therefore, test conditions and the slider conditioning procedure should be carefully prepared.

Most of the above studies were performed in laboratory test conditions, with few comparisons of in-situ slip testers in real contaminated conditions. The performance of these testers in real world situations thus remains unclear.

The current paper evaluates the performance of three commonly used slip meters under various real conditions, using floor materials and contaminants commonly found within the kitchen and hall areas of restaurants. The test conditions and slider conditioning procedure in this study were constantly maintained. The evaluated slip testers were the dreg-sled (BOT-3000; Regan Scientific Instruments, Southlake, TX, USA), the articulated strut (English XL; Excel Tribometers, LLC, Greer, SC, USA) and the British Pendulum Tester (BPT; All test Ltd., Melrose, UK).

Materials and Methods
=====================

Measuring devices for slip resistance properties
------------------------------------------------

Three different types of slip meters were measured with force plate (Bertec 4060; Bertec Co., Columbus, OH, USA) and high speed camera (FASTCAM SA1.1; Photron Inc., San Diego, CA, USA) to examine dynamic and kinematic characteristics ([Fig. 1](#F1){ref-type="fig"}). Slipping dynamic and kinematic characteristics of twelve subjects were also measured with the same tools.

[Fig. 2](#F2){ref-type="fig"} shows the dynamic and kinematic measurements of the three slip meters and human subjects. Two-dimensional markers (the yellow and black check square and circle pattern in [Fig. 2](#F2){ref-type="fig"}) were attached to the moving parts of slip meters and the shoes of subjects. The slip phenomena were recorded with force plate (1,000 Hz) and high speed camera (1,000 fps), and then analyzed with a motion analysis program (TEMA motion; Photo-Sonic Inc., Burbank, CA, USA). The built-up ratio was calculated using the frictional force trace (force-time data) measured with force plate.

As shown in [Fig. 2A](#F2){ref-type="fig"}, the BOT-3000 is a drag-sled type device that measures the static coefficient of friction (SCOF) of a particular surface area between its slider and the floor surface. The device can also be used to measure the dynamic coefficient of friction (DCOF) of a given surface area by adjusting its travel distance while maintaining an almost constant forward speed (0.2-0.23 m/s).

[Fig. 2B](#F2){ref-type="fig"} shows an English XL, also called a Variable Incidence Tribometer, which is an inclined-strut slip meter driven by gas pressure. The sensor slider impacts the floor surface with force at inclined angle from the vertical direction, so that it has a horizontal component to its velocity. In the initial contact between slider and floor, the slider edge is the first contact and the slider rotates on that contact edge. The normal force is gradually increased from 0 to its maximum value. The slip index can be interpreted as a transitional COF at a contaminated condition, while the slip index can be interpreted as SCOF at a dry condition.

[Fig. 2C](#F2){ref-type="fig"} shows a BPT, which was originally designed to simulate the action of a slipping foot ([Fig. 2C](#F2){ref-type="fig"}). This tester uses a swinging dummy heel, which sweeps over a set area of flooring in a controlled manner \[[@B15]\]. The device is often used to assess the skid resistance of roads. This device measures in British Pendulum Number (BPN) values, which are fundamentally the same as DCOF at a contaminated condition. However, the time-force graph of this device showed quite similar results to the SCOF when measured on rough dry surface. In general, BPN is equivalent to DCOF × 100, but there are a number of small differences between these values. BPN is therefore generally converted into DCOF using a conversion table.

Measuring device for surface roughness
--------------------------------------

Surface roughness primarily records surface texture, and a value used for surface analysis \[[@B14]\]. In this study, a micro-roughness gauge (Surtronic Duo; Taylor Hobson Ltd., Leicester, UK) with a 5 µm radius diamond stylus was used to measure the center line average (*R*~a~) and maximum height of profile (*R*~z~) among a number of surface roughness parameters. The British Slip Resistance Group reported that measurement of the \'*R*~z~\' parameter allow slipperiness to be predicted for a range of common materials \[[@B15]\]. Other studies \[[@B16]-[@B18]\] have reported that \'*R*~a~\' has a strong correlation with the friction coefficient. It is generally known that the surface roughness of a floor is directly related to slip resistance in the presence of contaminants such as water or oil. Because of this, the correlation coefficients of the surface roughness (*R*~a~, *R*~z~) were compared in this study with the slip resistance values of BPN, Slip Index, DCOF and SCOF.

Floor and slider materials
--------------------------

For floor materials, this study used ceramic, vinyl, and asphalt tile with and without a wax coating. Vinyl and asphalt tile are frequently used in restaurant dining areas, whereas ceramics are widely used in restaurant kitchens.

Because devices could not use footwear (or sole) specimens, specific types of slider material were adopted to measure slip resistance properties. Slider materials for each test device were supplied by their respective manufacturers. The BPT used a 4S rubber slider (hardness 96 ± 2; shore A) for all surface conditions. Two different sliders were supplied with the BOT-3000, but only the Neolite slider (Regan Scientific Instruments, hardness 92 ± 1; shore A) was tested in this study because the leather alternative could not be used in contaminated conditions. The English XL used a Neolite slider (hardness 92 ± 1; shore A). Each slider was cleaned and conditioned before every test, according to test conditions (floors and contaminants) and was washed with ethanol solution (50%) and distilled water then dried at ambient temperature. Each slider was also conditioned with P400 grit abrasive paper and then any debris was removed with a dry soft brush. However, the sliders tested with engine oil were changed, because the chemical and physical properties of the rubber materials could have been affected by chemical reaction between rubber and engine oil.

Surface contaminants and roughness
----------------------------------

Slip resistance tests were conducted under five surface conditions: dry, wet, detergent solution, soy bean oil, and engine oil (Mobil 20W-50). [Table 1](#T1){ref-type="table"} shows the physical properties of the contaminants used in this study. Every contaminant was kept airtight in a constant-temperature container. The contaminants were removed with a paper towel, washed with ethanol solution (50%) and distilled water, and dried at ambient temperature for each trial. The test conditions were 23 ± 2℃ and 50 ± 5 rh%, as described in KS M ISO 13287: 2008. Twelve consecutive measurements were performed for each floor and each contaminant, then the lowest and highest values were discarded and the reminders were averaged. This comprised 240 observations (4 floors × 6 contaminants × 10 accepted measurements) of COF.

To simulate wetted and detergent-spilled conditions, floor surfaces were evenly covered and thoroughly wetted with spray bottles. The used water was distilled water and the detergent solution was made of sodium hypochlorite (4 wt%) with distilled water. To simulate oil-spilled conditions, the oils were poured onto the sample floors with a syringe and spread evenly with a brush. The floor surfaces were replenished with all contaminants for every trial.

[Table 2](#T2){ref-type="table"} shows the surface roughness results of the floor specimens. These results were based on the data from ten consecutive measurements at five different locations for all sample surfaces. These measurements were made in the direction of sliding to which the three slip meters were operated.

So as to prevent floor and slider surfaces roughness change through wear, all slider surfaces were conditioned with abrasive paper (grit size: P400) for every trial, while the sample floors were replaced for every test. The roughness of floor surfaces was checked and averaged for every test. The roughness of both surfaces therefore was assumed to be similar in all tests.

Subjects
--------

Twelve healthy male subjects aged between 20 and 50 participated in this study. The subjects were 36.5 ± 8.54-years old (mean ± standard deviation), 171 ± 3.81 cm tall and had a mass of 72.7 ± 5.29 kg. Subjects reported no history of lower-back pain or orthopedic abnormalities of the lower extremities. Each subject wore a safety harness and the same kind of footwear. They walked over the contaminated floors, which were equipped with force plate. When they slipped, their trajectories and the reaction force of their foot were recorded with the force plate and high speed camera. Foot pressure was measured with an insole type foot pressure measurement system (Padar-X; Novel, Munich, Germany).

Prior to participation, each subject was fully informed about this study, and signed a consent form approved by the Institutional Review Board of the Korea Occupational Safety and Health Agency.

Results
=======

[Table 3](#T3){ref-type="table"} shows the dynamic and kinematic characteristics of the three slip meters during slipping trials. Viscosity, roughness, hardness, velocity, and force were all measured. A simple equation was used to calculate the built-up ratio: the maximum normal force was divided by the time between zero and normal force at maximum level.

The contact pressures (normal force) and built-up ratios of the slip meters were below those of subjects. The sliding velocity of the BPT was above those of subjects, while those of the BOT-3000 and English XL were below.

The BPT showed the highest SCOF value (1.14) on the asphalt tile B floor, while the other slip meters showed the highest SCOF value (XL: 0.78, BOT: 1.00) on the ceramic floor under the dry condition. The ranks of SCOF values were different from each other ([Table 4](#T4){ref-type="table"}). The SCOF of the BPT and XL were calculated by the maximum normal force at the initial stage of contact between the slider and dry floor. If the floors were contaminated with fluids such as water and oil, the devices could not perfectly show any maximum friction force during the contact period.

Of the three slip meters, the English XL showed the maximum overall correlation coefficient (*r* = 0.964) between the slip index and *R*~a~ under all floor conditions, while the others slip meters showed comparatively low correlation between slip resistance values and roughness parameters, from an overall viewpoint ([Table 5](#T5){ref-type="table"}).

All the slip meters used in this study showed relatively high correlation coefficients (*r* = 0.817-0.987) between the viscosities of contaminants and slip resistance values ([Table 6](#T6){ref-type="table"}).

[Table 7](#T7){ref-type="table"} shows the mean and standard deviations of all tested devices and test conditions. The BPT device showed a good repeatability in dry conditions (*CV* = σ/µ = 0.055) but was not promising under the contaminated conditions (*CV* \> 0.2). The BPN repeatability also reduced sharply when the floor specimens were covered by liquid contaminants, compared to the dry condition ([Fig. 3](#F3){ref-type="fig"}).

The results from the English XL were more consistent and repeatable (*CV* \< 0.2) for all floor conditions than those of the other meters ([Fig. 4](#F4){ref-type="fig"}).

The measurement results obtained with the BOT-3000 device showed good consistency and repeatability in SCOF measurements (*CV* \< 0.1) as compared to the other two test devices. However, the DCOF measurements did not show the same repeatability (0.1 \< *CV* \< 0.2) as the SCOF ones with all four floor materials in the dry condition and with four contaminated conditions ([Figs. 5](#F5){ref-type="fig"}, [6](#F6){ref-type="fig"}).

Discussion
==========

The dynamic and kinematic characteristics of three slip meters were measured with high speed camera and force plate, and were compared with those of human gait. The slip resistance properties of the four commonly-used floor surfaces were measured by three measuring devices under dry and contaminated conditions.

If the dynamic and kinematic characteristics of slip meters do not mimic human behavior, then the output of these meters is not reliable \[[@B11]\]. Based on previous literature \[[@B11]\] and biomechanical observation of slipping ([Table 3](#T3){ref-type="table"}), a slip meter\'s built-up ratio, normal contact pressure, sliding velocity, and contact time prior to sliding should all be considered as relevant parameters. Generally, friction will decrease with an increase in normal contact pressure. Therefore all the slip meters used in this study over-estimated the friction between floor surface and slider. The English XL\'s normal force 18 N combined with its 7.55 cm^2^ contact area results in a contact pressure of 23 kPa, which is far below the desired pressure range of 200 to 1,000 kPa \[[@B2]\] and the measured pressure range of 100 to 300 kPa ([Table 3](#T3){ref-type="table"}). It was considered that the lowest contact pressure was demerit for English XL.

The BTP sliding velocity of 2.95 to 3.2 m/s was about twice of that of human slip velocity ([Table 3](#T3){ref-type="table"}). Grönqvist et al. \[[@B6]\] calculated the borderline slip distance (*s*) between an avoidable and unavoidable fall using Equation 1 as follows:

*s* = *v*^2^/(2 *g*/µ) (1)

Where *g* is the acceleration of gravity, *v* is the velocity of sliding, and µ is the COF. Since the threshold value of the BPT was about 0.25 (BPN = 25) and the sliding velocity was about 3 m/s, the calculated slip distance before stopping would be 1.84 m. Strandberg and Lanshammar \[[@B19]\] estimated that the borderline slip distance between an avoidable and unavoidable fall is about 6 cm. Using the sliding velocity of our subjects (1.5 m/s) and the COF (0.44) calculated from Burnfield and Power \[[@B20]\] in Equation 1, the calculated slip distance before stopping would be 5 cm. This result shows that if the sliding velocity of BPT is not reduced or its threshold value is not increased, BPT cannot be used to assess pedestrian slip resistance.

The built-up ratio is considered an important factor for whole-shoe devices such as the STM 603 (Satra, Northamptonshire, UK) or BST 2000 (BST Maschienen-Vertriebs, Wuppertal, Germany) and is thus an important factor for subjects, but does not apply to *in-situ* slip meters.

Since the contact time prior to sliding was correlated with the squeeze film effect, this factor did considerably affect the slip resistance when the floor was contaminated with fluids. Because the normal and tangential movements of the BPT and English XL happened simultaneously, their contact times could not be measured and could have been nearly zero. The contact time of the BOT-3000 was longer than those of subjects. Since this condition might increase the squeeze film effect between the slider of the BOT-3000 and floor surface, SCOF values of BOT-3000 were higher than the others when floor surfaces were contaminated with fluids ([Fig. 4](#F4){ref-type="fig"}).

It has been reported that surface roughness is a reliable and objective indicator of the friction coefficient, despite some ambiguities about the relationship \[[@B1],[@B16],[@B17]\]. The SCOF results were thus compared with roughness under the dry condition, the results of which are presented in [Table 4](#T4){ref-type="table"}. The BPT showed the highest SCOF for the asphalt tile B, which had the lowest roughness (*R*~z~, *R*~a~). This is a similar result to Elleuch et al. \[[@B16]\], excluding the findings for ceramic material. The SCOF measured by the BOT-3000 was approximately increased with *R*~a~. The English XL had the smallest SCOF as compared with the other devices and its SCOF was increased with *R*~a~ except for asphalt tile B. As a result, the SCOF results from all tested devices did not coincide under the dry condition. This result could also be interpreted by the suggestion that the friction coefficient is related to floor material properties as well as surface roughness. This makes it unclear whether the surface roughness tested in this study would be a reliable and objective indicator of the friction coefficient ([Table 4](#T4){ref-type="table"}).

The contaminants used in this study are frequently found in kitchen areas and can be considered to be factors which reduce friction at the shoe-floor interface during walking. In general, the presence of such contaminants makes measurement of slip resistance difficult due to the complex viscoelastic characteristics of the rubber involved \[[@B12]\]. However, all slip meters showed a relatively high correlation coefficient between the viscosities of contaminants and slip resistance values in this study. Since the hardness of slider rubbers was higher than those of a general outsole (hardness 70; shore A) and the contact pressures between slider and floor were lower than those of shoe and floor, the viscoelastic effect of the sliders from all tested devices might have been reduced. It was however considered that all the tested slip meters could distinguish the level of slip hazard for the contaminants.

The BPN showed a statistically significant difference (p \< 0.01) between the dry and contaminated condition, but results were not statistically significant among the contaminants ([Table 7](#T7){ref-type="table"}). It therefore appeared that the BPT could not assess contaminant type when compared with the other two devices under the contaminated conditions \[[@B10]\]. The BPN measurements for all the floor materials were found to be below the danger threshold (BPN \< 25) in the contaminated conditions ([Fig. 3](#F3){ref-type="fig"}). This probably resulted from the BPT device operating at a very high sliding velocity (2.8 m/s; [Table 1](#T1){ref-type="table"}) and having a very short contact time ([Table 3](#T3){ref-type="table"}), which may not appropriately simulate typical human ambulation speed.

The English XL was able to distinguish between all the floor materials and contaminant conditions (p \< 0.01) except those with oils ([Table 7](#T7){ref-type="table"}). It was therefore not suited for measuring viscous contaminants such as oil, because this device did not distinguish between the oily conditions (p \> 0.05; [Table 7](#T7){ref-type="table"}). The results from this device also showed that the rougher a surface (*R*~a~) became, the higher the indicated slip index was ([Table 5](#T5){ref-type="table"}). It therefore seemed to overcome the well-known squeeze film effect that arises from the delay between the moment of shoe contact with the surface and the initiation of horizontal motion under a wetted condition \[[@B15]\]. The device may thus be well suited for wetted conditions, including from detergent solutions.

The good repeatability of the BOT-3000 likely resulted from a fact that it was automatically driven forward by a powered motor and measured the SCOF using a strain gauge. As a result, human errors originating from operating and reading were minimized. The drag sled type devices similar to BOT-3000 often show wet DCOF readings that are unrealistically higher than dry ones \[[@B18]\]. This phenomenon could originate from the poor squeeze-film situation. Since the frictional force measurement system (the strain gauge type sensor) of the BOT-3000 seems to be sensitive to frictional vibrations and often experiences a squeeze-film effect, the reliability of this device\'s DCOF results could unexpected deteriorate under a wet condition \[[@B18]\].

Overall, the results showed that the performances of the three devices used for measuring floor slipperiness were affected by floor characteristics and the presence of contaminants on the floor.

One of the limitations of the current study is that although the slip meters used were strongly dependent on the operator, these measurements were just performed by one operator. Thus these results could not assure reproducibility, but could guarantee repeatability.

In summary, the results from the different devices were not necessarily compatible with each other for all floor material and contaminant conditions. It should be cautioned that comparing the data collected from a field investigation with different types of slip meters could be inadequate. Therefore, to evaluate slipperiness in field situations, the performance of the slip meters used in this study still need to improve.
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The physical properties of contaminants
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Summary of surface roughness results for the floor specimens
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Values are mean (standard deviation).

###### 

The specifications of slip testers and gait, measured with high speed camera
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BPT: British Pendulum Tester, NA: not available.

^\*^Measured max value at point of slip. If measured on dry surface, then the results varied with inclined angle, floor materials, etc \[[@B2]\]. ^†^Only dynamic test mode, ^‡^about 70% of subject\'s weight.

###### 

Static coefficient of friction results obtained with slip meters under the dry condition
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BPT: British Pendulum Tester.

Values are mean (standard deviation).

###### 

Pearson\'s correlation coefficients between roughness parameter and slip resistance values using three kinds of slip meters under the different contamination conditions
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BPT: British Pendulum Tester, XL: English XL, BOT: BOT-3000, SCOF: static coefficient of friction, DCOF: dynamic coefficient of friction.

^\*^Values too small for comparison.

###### 

Correlation coefficients between viscosities of contaminants and mean slip resistance values of all floors
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BPT: British Pendulum Tester, XL: English XL, BOT: BOT-3000, BPN: British Pendulum Number, SI: slip index, SCOF: static coefficient of friction, DCOF: dynamic coefficient of friction.

###### 

Means (standard deviations) of all tested devices and test conditions
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BPT: British Pendulum Tester, XL: English XL, BOT: BOT-3000, BPN: British Pendulum Number, SCOF: static coefficient of friction, DCOF: dynamic coefficient of friction.

-: output value less than 0.001.
